The intraseasonal oscillation (ISO) of atmospheric temperature at 2 m over East Asia (EA) in boreal summer is investigated through NCEP-NCAR reanalysis data for the period of 1979-2013. It is found that the surface air temperature in EA propagates on a 10-30-day time scale and exhibits a southeastward propagation characteristic. The average zonal and meridional phase speed of the intraseasonal air temperature anomaly is about 2.6 • longitude and 1.7 • latitude per day, respectively. The advection by the mean wind and the advection of the summer mean temperature by the intraseasonal wind primarily contribute to the propagation of the intraseasonal temperature perturbation through the diagnosis of the temperature budget. An upper-tropospheric geopotential positive (negative) height anomaly is closely associated with a low-level warmer (cooler) air temperature anomaly and both anomalies propagate southeastward in a similar way. A wave activity flux analysis reveals that mid-latitude Rossby wave energy also propagates southeastward, consistent with the upper-tropospheric geopotential height propagation. This indicates that in addition to low-level advection mechanism, upper-tropospheric forcing through the hydrostatic relationship is another possible mechanism. A further statistical analysis indicates that heat waves in EA summer are modulated by the southeastward-propagating intraseasonal temperature mode.
INTRODUCTION
The Intraseasonal Oscillation (ISO) is one of the dominant modes in tropical atmosphere. In northern winter, tropical ISO is characterized by eastward-propagating Madden-Julian Oscillation (MJO), with the horizontal structure of a coupled Rossby-Kelvin wave couplet (Hendon and Salby, 1994; Li and Wang, 1994; Wang and Li, 1994; Maloney and Hartmann, 1998 ) and a westward tilting vertical structure in vertical velocity and specific humidity fields (Sperber, 2003; Kiladis et al., 2005; Hsu and Li, 2012) . The initiation of MJO convection was often found in western Indian Ocean (IO) (Zhao et al., 2013; Li et al., 2015) . In northern summer, on the other hand, tropical ISO is characterized by northward propagations in the Indian monsoon and South China Sea regions (Yasunari, 1979; Hartmann and Michelsen, 1989; Gadgil and Srinivasan, 1990; Jiang et al., 2004) and northwestward propagation over the western North Pacific (Hsu and Weng, 2001; Li and Wang, 2005) . Besides its pronounced seasonality, tropical ISO also has a significant impact on tropical cyclone activities (e.g., Hartmann, 1998, 2000a,b; Hall et al., 2001; Ho et al., 2006; Camargo et al., 2009; Chen et al., 2009; Klotzbach, 2010 Klotzbach, , 2014 Cao et al., 2014) . High-frequency wind activity associated with ISO may help trigger El Nino-Southern Oscillation (ENSO) events (Lengaigne et al., 2004; Seiki and Takayabu, 2007) .
The influence of tropical ISO is not only confined to the tropics. It can significantly modulate the ISO over the midhigh latitudes (Liebmann and Hartmann, 1984; Lau and Phillips, 1986; Kawamura et al., 1996; Pan and Li, 2008; Lin et al., 2009) . Kawamura et al. (1996) suggested that with barotropic Rossby wave energy dispersion, tropical ISO convection near the Philippine Sea could remotely affect mid-latitude intraseasonal variability. Pan and Li (2008) found that the midlatitude lowfrequency flow responded to the tropical ISO focing through the feedback of synoptic eddy. Lin et al. (2009) suggested that tropical ISO could affect the North Atlantic Oscillation (NAO) through northward momentum and energy transport by Rossby waves from tropical Pacific all the way to the mid-latitude North Atlantic.
In addition to the tropical forcing, the origin of the midlatitude ISO may arise from local air-sea interaction (Wang et al., 2012) or local internal atmospheric dynamics (Terao, 1998; Wang et al., 2013; Yang et al., 2013; Yang and Li, 2016; Yao et al., 2016) . For example, by examining the cause of intraseasonal SST variability over Kuroshio extension region, Wang et al. (2012) found that the intraseasonal SST variability arose from atmospheric forcing primarily through the change of surface heat fluxes, whereas the SST anomaly could further feed back to the atmospheric low-frequency mode through the modulation of atmospheric convective instability. Through the diagnosis of atmospheric reanalysis data and idealized numerical experiments, Wang et al. (2013) showed that local processes were the major source of mid-latitude ISO variability, while the tropical forcing could explain about 20% of the total intraseasonal variance in mid-latitudes. Yang and Li (2016) showed that the intraseasonal temperature perturbation in northern winter propagated southeastward in Eurasia Continent and ISO perturbations gained energy from the mean flow through the conversion between potential and kinetic energy. Yao et al. (2016) suggested that the Arctic Oscillation (AO) might influence the East Asian winter monsoon (EAWM) through the change of meridional circulation, and cause the intraseasonal temperature variation in East Asia.
It is likely that the intraseasonal variability of near surface temperature in boreal summer may have a strong impact on extreme weather events such as heat waves in the densely populated area of East Asia. For example, a persistent hot event in boreal summer can cause serious droughts and heat-related sickness and death (Semenza et al., 1996; Fouillet et al., 2006; Huang et al., 2010) . Therefore, an accurate forecast of such a persistent extreme event is of great importance (Robertson et al., 2015; S2S Extreme Workshop, 2016 1 ). The ISO with its low-frequency period can provide an important precursor signal for extended-range (10-30-day) forecast (Lin, 2013; Hsu et al., 2015; Zhu and Li, 2017) . Such extended-range forecast may fill a gap between short-range weather and seasonal prediction, and give valuable guidance on agricultural planning and disaster prevention and reduction. Motivated by this social need, the present study attempts to investigate processes that control the intraseasonal variability of surface air temperature over East Asia in boreal summer.
The remainder of this paper is structured as follows. Section Data and Method describes the data and methods utilized in this study. The structure and evolution features of intraseasonal nearsurface temperature anomaly are examined in section The intraseasonal (10-30-day) signals was extracted by the Lanczos band-pass filter (Duchon, 1979) . Before the band-pass filtering, the climatological annual cycle is first removed from the original data. The 10-30-day filtering is selected on the basis of the power spectrum analysis of the temperature at 2 m over EA in boreal summer (May-September). It is noted that the dominant spectral peak of the temperature anomaly appears in the 10-30-day band. An empirical orthogonal function (EOF) analysis is further used to examine the spacial and temporal patterns of the intraseasonal surface air temperature field.
To understand the cause of propagation of the low-level intraseasonal temperature anomaly, a heat budget analysis is conducted. The temperature tendency equations is written as
where V is horizontal wind vector, ω is p-vertical velocity, ∇ is the horizontal gradient operator, α is the specific volume of air, c p denotes the specific heat of air, and Q 1 represents the rate of diabatic heating. A prime denotes a vertical integrated (1000-700 hPa) intraseasonal (10-30 day) component.
FEATURES OF STRUCTURE AND EVOLUTION OF INTRASEASONAL TEMPERATURE ANOMALY
The analysis of the raw temperature field at 2 m in the domain of 0 • -60 • N, 100 • E-140 • E during 1979-2013 was first conducted. The first EOF mode ( Figure 1A ) explains 20.2% of the total variance, and displays a positive center in Lake Baikal and a weak negative center in southeast of China. The second EOF mode ( Figure 1B ) explains 14.5% of the total variance, exhibiting a strong negative center in northern China and a positive center in the Lake Baikal. A spectral analysis displays that both the first and second principal components (PC1, PC2) with significant spectral peaks in the 10-30-day band (Figures 2A,B) . Thus, we will center on examining the temperature variability on this timescale throughout the remainder of this paper. Figures 3A,B shows the EOF patterns of the 10-30-day filtered temperature at 2 m. As one can see, the patterns are same as those in Figure 1 , indicating that indeed the 10-30-day mode is dominant. For the filtered data, the first two EOF modes explain 25.9% and 17.5% of the variance, which are larger than those of the raw data as expected. Lag correlations between PC1 and PC2 are presented in Figure 3C . PC2 tends to lead (lag) PC1 by about 4 days with a maximum positive (negative) correlation and the maximum correlations exceed a 95% confidence level. The result suggests that the first two EOF modes are two phases of the same propagating pattern. Figure 4 shows the evolution pattern of the intraseasonal temperature field from day −8 to day +10 (with a 2-day interval). The evolution pattern is derived based on the difference between the strong positive ISO and strong negative ISO composites. Here the definition of a strong positive (negative) event is based on the standardized PC1 that exceeds +1.5 (−1.5). Day 0 denotes the day on which the distribution of the intraseasonal temperature anomaly is consistent with that in EOF1 ( Figure 3A) . During the 35-year period, a total of 119 positive events and 102 negative events are selected. At day −8, a warm center is located at the east of Ural Mountains. A black dot in Figure 4 represents the center of the maximum positive temperature anomaly. The warm center moves southeastward. At day −4 the warm center arrives to 52 • N, 95 • E, and the anomalous temperature pattern is similar to that of EOF2 ( Figure 3B ). The intraseasonal temperature anomaly reaches to its peak at day 0 when it arrives to 49 • N, 112 • E. After that, it decays as it continues propagating southward into southeastern China.
It is interesting to note that at a given pressure level, southerly (northerly) anomalies are apparently in phase with the warm (cold) center. As a result, an anticyclone anomaly appears to the east of the warm center. From day −8 to day 8, an anticyclone anomaly moves from the north of Novosibirsk to southern China, closely associated with the temperature perturbation. To better estimate the propagation speed we plotted the maximum intraseasonal temperature center from day −8 to day 8 in Figure 5 . The temperature centers exhibit a clear southeastward propagation feature, with primarily zonal (meridional) propagation in the first (second) half of the period. The cause of this southward turning track might be related to the topographic effect of the Tibet Plateau. The average zonal and meridional phase speed for the entire period is 2.6 • longitude and 1.7 • latitude per day, respectively. (Figure 6 ), a maximum geopotential height anomaly located near 250 hPa and a warm (cold) anomaly center appears above (below) the negative height center. The Z ′ field is northwestward tilted with height, with the surface low-(high-) pressure peaking to the quarter wavelength east of the 250 hPa trough (ridge). The tilted structure indicates poleward heat transport under the basic meridional temperature gradient, as typical mid-latitude wave disturbances. Upward motion is rooted around the southeastern part of the surface low pressure anomaly, where the southerly anomaly and westerly anomaly (Figure 4) are formed, and a positive correlation between the upward motion and warm anomalies is observed. This structure suggests energy conversion from available potential energy into kinetic energy and a selfmaintaining mechanism of this wave-like mode. Considering the fact that precipitation often coexists with a westerly anomaly in the Asian monsoon region (Fu et al., 2002; Li and Wang, 2005) , this is suggestive of diabatic heating with the upward motion in the southwestern part of the maximum surface warm anomaly.
To examine whether or not the upper-tropospheric intraseasonal height signal is closely associated with the southeastward-propagating low-level temperature signal, we plotted the temporal evolutions of composite Z ′ patterns at 250 hPa from day −8 to day 10 (Figure 7) . It is interesting to note that Z ′ displays a wave train pattern with a southeastward propagation characteristic, which closely resembles the surface temperature propagation characteristic. Such an upper-lower troposphere connection is physically through the hydrostatic relationship. 
SOUTHEASTWARD PROPAGATION MECHANISMS
To understand specific processes responsible for southeastward propagation of the intraseasonal temperature anomaly, we take two different approaches. Firstly, a heat budget analysis is performed to reveal the cause of southeastward tendency of the temperature anomaly at low-level. Figure 8A illustrates the horizontal patterns of vertical (1000-700 hPa) integrated intraseasonal temperature anomaly field (T ′ ) and the temperature tendency field (∂T ′ /∂t) at day −3. Note that a positive ∂T ′ /∂t center appears to the southeast of the positive center of T ′ . Physically, one may argue that the temperature perturbation tends to move southeastward because of this southeastward shift of ∂T ′ /∂t. To explore what causes this southeastward temperature tendency, we conduct a vertical (1000-700 hPa) integrated temperature budget analysis in the domain of 44 • N-53 • N, 105 • E-120 • E (red box in Figure 8 ). Figure 8B shows the contribution from each of the temperature budget terms. It is found that the largest positive contribution is anomalous horizontal temperature advection (−V·∇T) ′ term.
To further reveal specific horizontal advection processes that give rise to the positive tendency, both temperature and wind fields are divided into low-(with a period longer than 30 days) and high (with a period less than 10 days) frequency component, and an intraseasonal (10-30-day) component,
where an bar, a single prime and a double prime denote the low-frequency, ISO and high-frequency component, respectively. The anomalous horizontal advection term can be separated into 9 terms based on Equation (2). Figure 8C presents the contributions from the 9 terms. It is found that the maximum positive contribution arises from the advection of the temperature anomaly by the mean flow (−V · ∇T ′ ) ′ . The second-largest positive contribution is the advection of the mean temperature by the ISO flow (−V ′ · ∇T) ′ . Figure 9A shows the horizontal patterns of the temperature anomaly (T ′ ), the mean wind field (V), and (−V · ∇T ′ ) ′ averaged from 1000 to 700 hPa. The center of the positive T ′ is located around Lake Baikal, whereas the mean wind V is in general northwesterly over the key analysis region (44 • N-53 • N, 105 • E-120 • E). Thus, the mean northwesterly advects the positive temperature anomaly southeastward, leading to a positive ∂T ′ /∂t southeast of the positive T ′ center. Whereas, the maximum center of term (−V · ∇T ′ ) ′ is located at the red box region, which indicates its role in the propagation, another anomalous horizontal temperature advection term (−V ′ · ∇T) ′ is shifted slightly northwestward (Figure 9B ), indicating that it contributes to both the propagation and amplification of the intraseasonal temperature anomaly. The mean temperature T is high (low) to the south (north). The anomalous wind V ′ at low level displays a wave train pattern, with a cyclonic center at 60 • N, 80 • E and an anticyclonic center at 53 • N, 120 • E. To the west of the anticyclonic center, the anomalous wind V ′ is dominated by southerly. The positive tendency in Figure 9B is partially overlapped with the warm anomaly, indicating the amplification of the anomaly. This is consistent with westward tilting vertical structure in lower troposphere (Figure 6 ). This may account for the manifestation of this intraseasonal variation as a selfsustained mode.
To illustrate how the low-level wave train pattern relates to the upper-level one, we plotted the composite geopotential height and wind fields at both 850 and 250 hPa in Figure 10 . In upper-troposphere, a positive height center and its associated anticyclonic flow are located at Lake Baikal. The corresponding low-level positive height center and anticyclonic flow are located to the southeast of Lake Baikal (Figure 10B) . Thus, the anomalous circulation field appears to tilt westward with height. While the positive height anomaly at 250 hPa and the positive surface temperature anomaly satisfy the hydrostatic relationship (Figures 8A,9A) , the vertical tilting leads to an in phase relationship between the low-level southerly and warm anomalies (Figure 4) . It is the low-level southerly anomalies that advect high mean temperature from south and cause the amplification and propagation of the temperature perturbation.
To sum up, the low-level temperature budget analysis above reveals that two low-level advection processes may be responsible for the southeastward propagation. In addition, the uppertropospheric process may also play a role.
To understand the origin of the southeastward propagation of the upper-tropospheric wave train, a diagnosis of phaseindependent wave activity flux based on Takaya and Nakamura (2001) is calculated.
, (3) where a bar and a prime represent the low-frequency and intraseasonal anomaly respectively. denotes the streamfuction field and U = (u, v) denotes the horizontal wind field, and W represents the 2D Rossby wave activity flux. The horizontal wave activity flux field at 250 hPa from day −10 to day 0 is plotted in Figure 11 . The wave activity flux calculated here represents Rossby wave energy propagation. It is interesting to note that there are pronounced southeastward wave activity fluxes over the mid-high latitude Eurasia. This suggests that the Rossby wave energy dispersion is a major source for the southeastward propagating geopotential height in the upper troposphere. In other words, the upper-tropospheric wave train shown in Figure 7 results from Rossby wave energy dispersion. Given the close relationship between the upper-level height anomaly and the low-level temperature anomaly (through the hydrostatic relationship), it is proposed that upper-tropospheric wave propagation may be regarded as an additional mechanism for the southeastward movement of near surface temperature perturbation.
MODULATION OF THE SUMMER ISO MODE ON HEAT WAVES
Heat waves associated with persistent high temperature events in summer are known to have notable effects on the human mortality and ecosystems. To define the occurrence of heat waves, a percentile-based threshold is adopted, following Meehl and Tebaldi (2004) . A heat wave event is defined when daily temperature exceeds 97.5th percentile and prolongs for at least 3 days.
To elucidate the influences of the intraseasonal temperature variation on heat waves in eastern China (25 • N-45 • N, 110 • E-120 • E), the most populated region in China, the 10-30-day oscillation signals of the surface air temperature averaged over the eastern China domain is extracted again by the Lanczos band-pass filter. The active (inactive) phase of the intraseasonal temperature anomaly is defined based on the normalized temperature time series, with amplitude greater (less) than one standard deviation considered as an active (inactive) phase. Figure 4 , but for 10-30-day filtered geopotential height anomaly (shading; unit: gpm) at 250 hPa from day −8 to day +10.
FIGURE 7 | As in
Two methods are used to define heat wave events. Firstly, the heat wave is defined by daily temperature above 97.5th percentile in the entire summer season with total 5355 days. With use of this method, 35 heat wave events are identified for 1979-2013. Among them 19 heat wave events occurred in active phase of ISO and none happened in inactive phase of ISO (see Table 1 ).
The second method is based on the 97.5th percentile of daily temperature in each month. A 5-day running mean is applied before calculating the 97.5th percentile threshold. The total heat wave events and their occurrence in the active (inactive) phase of ISO are shown in Table 2 . There are total 57 heat waves identified with use of Method 2, among which there are 34 heat wave events in the active phase of ISO. Again no heat wave event is observed in the inactive phase of ISO.
The difference between two methods lies primarily in that the heat wave events identified in Method 1 are mostly confined in FIGURE 9 | (A) Vertically integrated (1000-700 hPa) intraseasonal temperature T ′ field (shading; unit: K), the mean wind field V (vector, unit: m s −1 ) and the anomalous horizontal temperature advection term (V · ∇T ′ ) ′ (contour; unit: K s −1 ). (B) Vertically integrated low-frequency temperature field T (shading; unit: K), the intraseasonal wind field V ′ (vector, unit: m s −1 ) and the anomalous temperature advection term −V ′ · ∇T) ′ (contour; unit: K s −1 ) for day −3 composite. The red box is same as in Figure 8A .
August while heat wave events identified in Method 2 may occur in other months. Both the methods indicate that more than 50% of total heat wave events occurred in the active phase of ISO, whereas none of the heat wave events appear in the inactive phase of ISO. This indicates that the intraseasonal temperature variation studied here greatly modulates the occurrence of heat wave events in eastern China. Given the precursory signals of the intraseasonal temperature mode, one may predict the active and inactive phases of the mode and thus potential occurrence of heat waves in advance, using either statistical or dynamical approaches.
CONCLUSIONS AND DISCUSSIONS
The structure and propagation features of temperature on an intraseasonal (10-30-day) time scale at 2 m over East Asia during the boreal summer are investigated using NCEP-NCAR reanalysis data. Based on EOF, lead-lag correlation, and composite analyses, we found that the intraseasonal temperature anomaly in East Asia exhibits a pronounced southeastward propagation. The temperature signal propagates southeastward at an averaged zonal and meridional speed phase of 2.6 • longitude and 1.7 • latitude per day, respectively.
Associated with the southeastward propagation of the intraseasonal surface temperature signal, the geopotential height anomaly also propagates southeastward. The low-level temperature and upper-level height anomalies are well-coupled due to the hydrostatic relationship, with a warm (cold) center associated with a positive (negative) height anomaly at 250 hPa.
The lower-tropospheric heat budget analysis is conducted to examine the mechanism of southeastward propagating intraseasonal temperature anomaly. It indicates that the southeastward temperature tendency is primarily attributed to anomalous horizontal advection. A further diagnosis shows that the anomalous horizontal advection is mainly induced by the advection of the intraseasonal temperature anomaly by the mean flow and the advection of the mean temperature by the ISO flow. The latter may also contribute to the amplification and maintenance of the intraseasonal temperature perturbation. In addition to low-level advective processes, uppertropospheric forcing also plays a role. A calculation of wave activity flux illustrates that the Rossby wave energy dispersion contributes to the set up of a northwest-southeast oriented wave train pattern and is responsible for the southeastward propagating geopotential height anomaly. The uppertropospheric geopotential height anomaly may force a warm or cold anomaly below through the hydrostatic relationship. Thus, the upper-tropospheric forcing may serve as an additional mechanism for the southeastward propagation of the low-level temperature perturbation. From a quasi-stationary Rossby wave points of view, the horizontal and vertical structures of the dominant ISO mode in this study are similar to those found in a case study by Terao (1998 Terao ( , 1999 and the "silk road pattern, " a dominant mode of interannual variability (Kosaka, 2011; Kosaka et al., 2011) of the quasi-stationary Rossby waves over the Eurasian Continent in the boreal summer. The wave activity flux convergence also suggests that the upper tropospheric Rossby wave packets are the origin of the eastward-propagating ISO mode. An interesting characteristic of this ISO mode is the in-phase relationship between the upper tropospheric height anomaly and the near surface temperature anomaly. Our analysis suggests that a self-sustaining mechanism with a northwestward tiled vertical structure similar to the mid-latitude synoptic wave disturbances plays a role in the manifestation of this ISO mode [e.g., (−V ′ · ∇T) ′ ]. Interestingly, a similar tilted structure was also found by Terao (1998) and Kosaka (2011) . Given the manifestation of the wave-train like structure with an ISO time scale, the eastward advection of the temperature perturbation by the mean westerly [e.g., (−V · ∇T ′ ) ′ ] accounts for a major tendency for the propagation. The selection of the ISO time scale is likely related to the slow phase propagation speed of the intraseasonal temperature mode.
The statistical relationship between the active phase of the aforementioned intraseasonal temperature mode and heat wave frequency in eastern China is analyzed. It is found that more than 50% heat wave events occurred in the active phase of the ISO, whereas no heat wave events occur in the inactive phase of the ISO. Thus, the intraseasonal temperature mode studied here does play an important role in regulating the occurrence of heat wave events in eastern China, making it possible for extended-range heat wave forecast in eastern China.
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